aBstraCt: Weather and climate events and agronomic enterprise are coupled via crop phenology and yield, which is temperature and precipitation dependent. Additional coupling between weather and climate and agronomic enterprise occurs through agricultural practices such as tillage, irrigation, erosion, livestock management, and forage. Thus, the relationship between precipitation, temperature, and yield is coupled to the relationship between temperature, precipitation, and drought. Unraveling the different meteorological and climatological patterns by comparing different growing seasons provides insight into how drought conditions develop and what agricultural producers can do to mitigate and adapt to drought conditions. The 2012 drought in the United States greatly impacted the agricultural sector of the economy. With comparable severity and spatial extent of the droughts of the 1930s, 1950s, and 1980s, the 2012 drought impacted much of the U.S. crop and livestock producers via decreased forage and feed. This brief summary of drought impacts to agricultural production systems includes 1) the basics of drought; 2) the meteorology and climatology involved in forecasting, predicting, and monitoring drought with attribution of the 2012 drought explored in detail; and 3) comparative analysis completed between the 2011 and 2012 growing season. This synthesis highlights the complex nature of drought in agriculture production systems as producers prepare for future climate variability.
ical droughts, which are classified by 4 characteristics: intensity, duration, spatial extent, and timing. Each type of drought results from climate variability (i.e., departure from normal but within average climate) such as decreased precipitation, higher temperatures, lower relative humidity, and increased sunshine (Fig. 1) .
This paper analyzes the 2011 and 2012 growing seasons, as related to drought. The meteorology and climatology behind the differences in temperatures and rainfall between the seasons, along with the role of climate indices, is discussed. Atmospheric patterns, variability, and crop impacts are reviewed. A brief examination of future climate projections, with suggestions on planning for short and long term drought, is included.
drougHt

Drought Indices
Drought is currently monitored through several indices developed over the last several decades. A common drought index is the Palmer Drought Severity Index (Pdsi), which measures drought based on temperature and precipitation. The index considers precipitation as well as the state of the soil through ground water supply. The demand (or withdrawal) of water from the ground is dependent on the temperature of the overlying air, evapotranspiration, and requirement and demand of water from vegetation (if present) . These variables are difficult to quantify due to the physical complexities of the hydraulic, radiative, and biologic processes involved. The PDSI is generally effective for assessing and monitoring long-term drought. A variant index focusing on hydrology, the Palmer Hydrological Drought Index (PHdi), is also used in some midwestern states. The PDSI and PHDI differ in that the PHDI more specifically focuses on long-term hydrological (versus long-term meteorological) conditions such as ground water, reservoir levels, lake levels, and river levels. For the short term (i.e., weeks to months), drought is better monitored through the Standardized Precipitation Index (sPi; McKee et al., 1993) . This index uses precipitation anomaly as a metric for drought. Droughts can be classified as "flash droughts," which have rapid onset but only last for a short time span, or droughts can be classified as slow onset, which almost seem to "creep" up on regions through time (Charusombat and Niyogi, 2011) . The 2012 drought was complex in nature, with dry conditions and impacts accumulating through time to high levels by the end of summer 2012 (Fig. 2) . The U.S. Drought Monitor (usdm; http://droughtmonitor.unl.edu) collates a number of such drought indices (e.g., rainfall anomaly, SPI, PDSI), local impacts (on ground conditions and media reports), and community feedback to develop a blended drought map. The USDM drought map is considered the "gold standard" for drought status and is the basis for disaster declarations including becoming eligible for federal aid. Charusombat and Niyogi (2011) provide an overview of several drought indices with applicability for specific drought detection and drought prediction in the Midwest.
Understanding the Difference between the 2011 and 2012 Growing Seasons
Annual temperatures as a departure from normal for the year 2011 compared to 2012 are shown in Fig.  3 . There is a high spatial correlation between warmer temperatures and drought (Fig. 3) . Across the Midwest and Ohio River Valley, temperatures in 2011 were mostly near normal or 0.5 to 1.1°C (i.e., 1 to 2°F) above normal. In 2012, the average departure from normal ranged from 0.5 to 2.8°C above normal (1 to >5°F above normal). Percentage of normal observed precipitation for each year shows a strikingly contrasting picture; 2011 shows 100% of normal precipitation or greater across much of Illinois, southeast Missouri, and all of Indiana, Ohio, Kentucky, and Michigan. In 2012, the U.S. Corn Belt was at 50 to 90% of normal precipitation for the year, with only regions in far northeastern Minnesota and those regions affected by lake effect snowfall events residing at or slightly above normal (Fig. 4) . While the annual summary provides a broader perspective in climatic context, reviewing the seasonal analysis highlights a dramatically dry and hotter 2012 growing season as compared with the cooler and wetter 2011 growing season.
The 2012 growing season fell subject to drought conditions because of a warmer than normal spring (i.e., March through May) with near-normal to normal rainfall across much of the central plains. March 2012 became the warmest March on record at 4.8°C (8.6°F) above average. April 2012 finished as the fourth warmest month of April on record and May 2012 as the second warmest month of May on record. For the continental United States, the average temperature for the season was 13.4°C (56.1°F), 2.9°C (5.2°F) above the 20th century average (NOAA National Climatic Data Center, 2012) . These meteorological conditions resulted in significantly earlier planting dates across much of the region leading to earlier crop emergence (which led to increased evaporation and transpiration in the atmosphere), only to be affected by hot and dry weather a short while later during the meteorological summer months of June through August. The summer's average temperature for the continental United States was the second warmest on record at 23.2°C (73.8°F), 1.5°C (2.6°F) above the 20th century average.
Alongside these record-breaking temperatures, normal precipitation nearly ceased east of the Rocky Mountains through the Great Plains and into the Midwest. Drought conditions peaked in July when 61.8% of the spatial area of the continental United States was classified as experiencing moderate drought according to the PDSI, comparable to the size of the droughts during the 1950s. For the that when coupled with the climatic impact of the 2012 drought, the yield impact is historic, with no year since 1866 experiencing such a large loss in crop yield.
Early planting and warm temperatures also created an environment suitable for the development of other biotic and abiotic stresses such as Aspergillus ear rot, which is associated with the mycotoxin aflatoxin. While concentrations of aflatoxin are acceptable in harvested yields, it is monitored by the USDA, which mandates that to prevent carryover into milk, silage and other feed components developed from a contaminated harvest should contain no more than 20 ppb of aflatoxin (Stewart, 2012; USDA, 2009) . Milk coming from animals fed silage with aflatoxin must have aflatoxin residues less than 0.5 ppb to be considered safe for human consumption (Stewart, 2012) . The possibility of early planting leading to a much more intense drought because of increased transpiration and soil moisture loss earlier in the season needs to be analyzed further and provides one more feature to the complexity of understanding the attributable factors and causal processes leading to droughts.
Normal weather patterns provide sufficient rainfall that will break through a crop plant canopy, infiltrate the soil, and keep the ground water supply adequately charged through the growing season. The 2012 drought resulted from a deficit in soaking rainfall and is classifiable as all 3 types of drought: hydrological, meteorological, and agricultural. This drought is not considered an extension of the southern Great Plains drought as weather and climate regimes in the southern Great Plains are separate from those across the central Great Plains and the Midwest. The meteorological cause of the 2012 rainfall deficit was atmospheric blocking (i.e., the jet stream pushing too far north or weather system propagation slowing down and became stationary over several weeks) that led to high pressure being the predominant weather pattern resulting in minimal rainproducing weather systems. When rain did occur in the late spring and summer of 2012, rainfall was brief, heavy, and localized in nature resulting in some relief with "normal" rainfall amounts recorded. However, the majority of the Corn Belt did not receive sufficient rain for ground water recharge as shown in Fig. 5 for the Midwest. The development of a high-resolution drought trigger tool (Hirdtt) by collaborators at Texas A&M University, North Carolina State University, and Purdue University with the use of the National Oceanic and Atmospheric Administration's National Weather Service's Multisensor Precipitation Estimation and SPI data provides detailed drought assessment of drought at sub-county scales. Figure 5 shows a HIRDTT map of with small areas of drought amelioration from brief convective thunderstorm events, although these storms did not provide sufficient rainfall to pull regions out of drought status. The spatial variability in the drought conditions at sub-county scale is apparent in this map.
meteoroLogiCaL and CLimatoLogiCaL FeedBaCKs For tHe 2012 drougHt
Drought of the magnitude seen in 2012, 1988, 1950s, and 1930s has large impacts on crop yield that trickle down to silage production and animal feed and into other parts of the economy. Large-scale impacts such as these have led to intensive research by climatologists to determine if there is a climatic signal that can be identified ahead of time to predict droughts of such magnitude. Historical droughts have been studied by analysis of tree rings and sediment in lake beds across the United States. Findings by Cook et al. (2007) , for example, show that over the last 1,000 yr, North America suffered from "mega droughts" (i.e., lasting several decades) during the drier CE 900 to 1300 period. Droughts then shifted to periods of shorter duration (i.e., several years to a decade) with the present time still experiencing shorter-term droughts. Therefore, compared with North America's past, CE 1300 to the present has been "wetter" in nature despite the noted droughts of the 1930s and 1950s. Therefore, while the Cook et al. (2007) historical analysis helps understand climatology, it is important to note that short-term agricultural decisions are often dictated by short-term weather conditions. Thus, the 2012 drought caught farmers off guard because a warmer than normal March with near-average precipitation allowed for earlier planting dates; however, the atmosphere quickly transitioned to persistent drought conditions through the late spring and summer.
Causes of Drought
Drought can be a natural part of the Earth's climate. The role of climate variability or the role of climate change to a specific event, such as the 2012 drought, continues to be a difficult factor to address. Indeed, studies summarized in the recent Intergovernmental Panel on Climate Change (2013) assessment highlight a potential for larger rainfall variations in the future from global warming. These variations in rainfall can cause extended periods of dry weather that, depending on local and prevailing factors, can lead to drought conditions. Variability such as the dry signal associated with major La Niña events in the tropical Pacific may play a stronger role in drought development in some locales of North America, such as the West and the Great Plains (Cook et al., 2007) . Niyogi and Mishra (2013) , however, note that the current trend in the Midwest indicates low probability for large-scale droughts in general. However, that is not to say that farmers need not pay attention to extended periods of dry or wet weather that are projected to become more frequent with a warming climate. Amidst this variability, agricultural practices such as land management decisions, irrigation, planting dates, drainage systems, and tillage practices can impact local hydrologic cycles and either intensify dry conditions into drought conditions or help mitigate the impacts.
Climate Variability, Climate Change, and Teleconnections
Climate variability considers weather patterns on a smaller time scale, typically 10 yr or less, and is often determined by teleconnection patterns such as the El Niño Southern Oscillation (enso), Arctic Oscillation (ao), North Atlantic Oscillation (nao), Pacific North American pattern, Pacific Decadal Oscillation (Pdo), and the Atlantic Multidecadal Oscillation (amo). Climate change is the change in weather patterns over a longer period of time, typically over several decades, with these weather patterns showing a systematic change in the state of the atmosphere. Climate variability is superimposed over broader climate change patterns. As a result, climate variability and associated impacts are often noticed first and climate change needs a longer period of record.
One of the most widely known global weather drivers that provides climate variability is ENSO (Philander, 1990) . The ENSO describes the seesaw pattern of pressure between Darwin, Australia, and Tahiti in the eastern tropical Pacific (Southern Oscillation). The changes in atmospheric pressure between these locations feed back into rainfall patterns, ocean currents, and sea surface temperatures (sst) leading to changes in weather patterns downstream from these locations (e.g., over North America). An El Niño event describes a warm SST event, which weakens the atmospheric circulation known as the Southern Oscillation, and the La Niña event refers to cold SST and a stronger circulation. The "warm" or "cold" anomalies are typically 3-to 5-mo running means (length of running mean varies by index being used to monitor the Southern Oscillation) of SST 0.5°C greater than or less than the baseline temperature and that persist for at least 6 consecutive months. Changes in the intensity of the Southern Oscillation result in changes of energy transfers from the tropics to midlatitudes, which is why weather changes downstream over North America. While El Niño and La Niña events have a greater impact on winter precipitation, effects of each phase can be felt into the growing season. La Niña events have been found to result in drought conditions across the Southeast and wetter conditions across the Midwest during winters. El Niño events during winter months result in a dry, warm Midwest and a wet, cool South. A neutral phase results in a normal to wetter spring with normal temperatures. The departure from normal SST over the tropical pacific is important to the strength of the signals felt over North America. The effects of ENSO patterns are much more pronounced in coastal regions and our ongoing research indicates the Midwest shows a mixed signal between ENSO phases. During the spring and summer of 2012, the dominant ENSO pattern was a moderate to weak La Niña transitioning to ENSO neutral by the summer months.
Teleconnections
Other teleconnections discussed previously contributed to the drought of 2012 as well. The AO is linked to the NAO, which contributes to short-term variability of weather patterns across the United States. For example, the 2013 growing season differed greatly from 2012 because during January, February and March of 2013, the AO was in a negative phase resulting in Midwest cold air outbreaks (periods of snow followed by rapid melt and milder temperatures). A positive AO is present when a lower-than-normal pressure is present over the polar region (leading to a stronger pressure gradient and jet stream), and a negative AO is present when a higher-than-normal pressure is present over the polar region (leading to a weaker pressure gradient and jet stream allowing for a greater likelihood of cold air outbreaks). Entering April and May, the AO shifted into a positive phase, which resulted in a stronger jet stream with less variation in temperatures and precipitation patterns. This, coupled with the ENSO neutral phase, contributed to near normal conditions across the U.S. Corn Belt, which was suitable for a good growing season. In contrast, the beginning of 2012 was influenced by a neutral AO in January and February followed by a positive AO in March. April and May transitioned back to a neutral AO with June changing signal to a strong negative AO. This allowed for warm air to surge farther north, which coincided with the La Niña and a blocking pattern helped to lock dry conditions into place across much of the United States. July, August, and September were predominantly AO neutral, with ENSO neutral conditions now prevailing but with blocking still occurring resulting in minimal rainfall for the United States.
The PDO is a Pacific Ocean SST index in the northern Pacific that is more directly coupled to ENSO but is more broadly variable when affecting weather regimes across the United States. From the 1940s to the 1970s, the PDO was in a positive phase resulting in warmer and wetter conditions in the Northwest and Alaska and cooler, wetter conditions in Mexico and the southern United States. Since the 1980s, the PDO has entered a negative phase resulting in colder and drier conditions in the Northwest and warmer, drier conditions in the Southeast (Wallace and Hobbs, 2006) . Therefore, the PDO favored drier conditions across portions of the United States, adding to the dry conditions of the La Niña, AO, and blocking pattern that established itself over the country in 2012.
The climate indices discussed are important to capture the interannual climate variability (i.e., temperature and precipitation pattern departures from normal) across the United States and provide guidance as to what seasonal weather patterns may be established. Climate indices are monitored by meteorologists and climatologists and serve as guidance tools in the long-term outlook; they are not intended to be predictors of short-term temperature and precipitation. The strength and covariability of teleconnections needs to be considered when determining seasonal and long-range weather outlooks. Typically a strong El Niño or La Niña can overpower the AO or PDO while weak or neutral ENSO conditions will be dominated by the other teleconnections. Examples of how teleconnections vary include the covariability of ENSO and PDO. When ENSO is positive (El Niño) and the PDO is positive, the central plains, southern portions of the southern United States, and the Eastern Seaboard are wetter than the Midwest. When ENSO is negative (La Niña) and the PDO is negative, the signal reverses; the Midwest is wetter and the central plains and Southeast United States are drier by comparison (Goodrich and Walker, 2011) . McCabe et al. (2004) show that when assessing the PDO and AMO together, the AMO directs the spatial extent/broadness of potential drought and the PDO directs the location. Correlative relationships between temperature and precipitation have also been found (e.g., Trenberth, 2011) where increased temperatures lead to an increased risk of drought resulting from increased evaporation rates and surface drying.
tHe 2012 drougHt and imPaCts to agriCuLture, LiVestoCK, and Forage
Cause of the 2012 Drought
The assessment for the 2012 drought reported in Hoerling et al. (2014, p. 278) finds that the drought was a natural event with immediate causes linked to meteorology: "reduced Gulf moisture transport, cyclone activity, and frontal activity in late spring." Anomalous high pressure in the upper troposphere resulted in increased subsidence over the region decreasing natural processes of convection during the summer (Hoerling et al., 2014) . The likelihood of a drought of the magnitude experienced in 2012 to return in a following year or even in the next several years is considered rare. However, likelihood can depend on location in the United States. In regions such as the Midwest, droughts of the magnitude seen in 2012 are possible 3 to 4 times per century (Niyogi and Mishra, 2013) .
Drought Frequency
Recent drought occurrences in North America show that agricultural drought is less frequent in the plains. This can be attributed to irrigation (for now, as ground water aquifers are being depleted at rapid rates) and the mean storm track. The decreased occurrence of drought in North America is also potentially due to the availability of technologies to mitigate drought in recent decades. The potential increase for drought today is more likely to be mitigated locally due to advancements in crop hybrids, increased irrigation, and field management efforts to conserve soil moisture. While there is currently no significant shift in total rainfall, heavy precipitation has been increasing over the last several decades (e.g., Kunkel et al., 2013) . With this heavy rain, there is an increase in runoff because rainfall falls at a rate greater than soil infiltration. This can lead to an increased drought potential because the soil and ground water recharge cannot occur as needed. Uncertainty regarding the scale of increased heavy precipitation exists; therefore, definitive conclusions related to climate change and the frequency of drought associated with climate change cannot easily be made (Dai, 2011) . Possible biases to increased heavy rainfall include more moisture content in regions with warmer air and the possible impact of local aerosols acting as cloud condensation nuclei and increasing rainfall (Alexander et al., 2006; Dai, 2011) .
Future Climate Scenarios and Impacts to Livestock, Forage, and Feed
Most studies, assessments, observations, and projections of future climate change scenarios for the Great Plains and Midwest show warmer temperatures during the winter and during nighttime hours, along with heavier rains and longer dry periods. Specifics related to how much and why such changes will occur to the climate system continue to be debated by scientists. While large-scale global climate models capture global climate projections, regional climate models still have difficulty forecasting the coupled feedbacks between large globalscale circulations and more localized climate change effects providing the aforementioned uncertainty (Mearns et al., 2012) . Changing land use and land cover as well as adaptive practices will impact regional vulnerabilities and are difficult to account for in models (Pielke et al., 2013) .
These uncertainties make preparing for drought and broader climate change and variability different for producers based on location, and impacts will be heterogeneous due the different components linked by climate change. For the United States, overall climate change analyses show that temperatures have been warming and will likely continue to warm at a small rate. Winters will be warming and nighttime temperatures will not get as cold. Precipitation is expected to become more intense (increased precipitation over a shorter amount of time) but is also expected to occur less often in some areas (e.g., Kunkel et al., 2013) . To adapt, crop practices such as hybrid development, pesticide use, and irrigation must be adjusted to accommodate the changes in weather patterns. A shift in the growing season is likely to occur as well. An example of this is the shifting of planting dates to earlier in the year as seen with the anomalous warmth during March 2012. Because of this warmth, farmers began planting earlier than the normal time frame of mid to late April. May 2012 ushered in a period of little to no rainfall across the Great Plains with little to no moisture across the Great Plains and Ohio River Valley through June, July, and August, critical periods of phenological development for corn crops. Extreme heat in late June and early July acted to further harm crops (Hoerling et al., 2014) . However, the drought of 2012 is considered a climatological anomalous event (e.g., Hoerling et al., 2014) , and shifts in the growing season to earlier planting dates sometimes attributed to climate change may provide some positive impacts to the agricultural sector of the economy by allowing for double cropping. Craine et al. (2010) find that the climatic changes discussed above can result in a decrease of forage quality. Analysis of over 21,000 fecal samples from cattle collected over 14 yr across the continental United States shows that increasing temperatures and declining frequency of precipitation reduce dietary crude protein and digestible organic matter in regions of a continental climate. Quality of forage in general was also found to decline. These findings indicate increased nutritional stress in the future for cattle, which results in a greater need for feed with nutritional supplements to offset a decrease in livestock growth (Craine et al., 2010) . In addition to degradation in forage production and quality, climatic changes will affect livestock through 1) changes in feed-grain production, availability, and price; 2) overall animal health, growth, and reproduction through heat stress; and 3) disease and pest distributions that will shift as climate changes (Walthall et al., 2012) .
assessing drougHt risK: adaPtiVe and mitigatiVe strategies
Climate change projections show an increase in occurrence of droughts (among other extreme climate events). To determine if a specific event such as the 2012 drought was exacerbated by climate change or if the 2012 drought was actually caused by climate change, the seasonality of weather patterns, climate variability, and climate change factors must be reviewed carefully to determine the cause of the drought. Often, further review of past weather observations, atmospheric patterns, and scale analysis must be completed to draw more definitive conclusions regarding the cause of a large drought such as the drought of 2012. Within the context of the multitude of factors contributing to the evolution of the 2012 drought and the local-scale practices contributing to impacts, it is difficult to ascertain the full 2012 drought impacts only by reviewing the rainfall/drought data and crop yield relationships. In general, it is difficult to predict drought with high confidence when dealing with different climatic scales (e.g., field, crop reporting district, state, or regional scale) and when not considering the impacts that may linger for several years after the drought event. Developing a broad if-then scenario analysis can help understand vulnerability and adaptation and mitigation strategies (Niyogi and Mishra, 2013 ).
summary and ConCLusions
The 2012 drought had a significant effect on the agricultural and nonagricultural sectors of the U.S. economy with effects of the 2012 drought currently impacting consumers in the form of higher food prices (Dreibus et al., 2014) . A promising, warmer-thannormal early spring weather pattern in 2012 led to early planting of crops, which quickly withered in the hot, dry weather that established itself over the Great Plains and Midwest late spring and summer 2012. The hot, dry weather that culminated in the 2012 drought resulted from a combination of weather patterns that led to the absence of precipitation systems either moving or forming over the majority of the eastern half of the United States. These patterns included a feedback of a negative PDO, a La Niña event, a negative to neutral AO, and strong blocking patterns. The effects of the 2012 drought impacted corn yields, which were further threatened by increased risk for pests (Stewart, 2012) . The decreased corn yield and pasture in 2012 caused an increase in the cost of feed in 2013, further impacting prices for feeder cattle in 2013 (i.e., short-term price reduction). The decrease in available pasture resulted in cattle being fed over a longer term with feed but at lower weights because of the higher cost of feed in 2013. It is speculated that this will lead to greater production declines of cattle by 2014, which will increase cattle prices, especially for the consumer, almost 2 yr after the drought occurred (Crutchfield, 2013) .
The 2012 drought resulted from the evolution of the meteorological environment through the spring and summer of 2012 and shows the critical link between water resources (below normal rainfall and increased irrigation), ecosystem functions (plant production decreased and increased risk for ear rot), agriculture production (decreased yields and pasture), and food (decrease in feeder cattle due to price of corn and increase in cattle costs to consumers). Drought of the magnitude in 2012 is not common but not unlikely due to climate variability scenarios that arise from coupled teleconnection patterns. In addition to climate variability, agricultural practices can mitigate or aggravate a situation. Climate change projections are indicating a greater likelihood of increased dry spells between rainfall events in the future, making drought risk and vulnerability assessments more important to cereal and livestock producers in addition to nonagricultural sectors of the economy. Because drought impacts economic, environmental, and social realms, adaptation and mitigation to the effects of drought in agricultural and nonagricultural sectors of the economy is crucial to minimize loss in the future (Ding et al., 2010; Wilhite and Glantz, 1985; Fig. 6 ). The broader feedback of drought impacts across realms will need to be assessed from vulnerability perspectives for future drought mitigation (Niyogi and Mishra, 2013) . The overall consensus for the 2012 drought can be summarized as a natural event that may have been abated by human actions such as later planting dates, crop choices, or availability to irrigation.
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